Pyruvate kinase (EC 2.7.1.40) from rabbit muscle requires the presence of a bivalent cation, such as Mg2+, and a univalent cation, preferably K+, if catalysis of the reaction between phosphoenolpyruvate and ADP is to occur (Kachmar & Boyer, 1953) . The enzyme is also activated by other bivalent transition-metal ions, such as Mn2+, Ni2+ and Co2+ (Mildvan & Cohn, 1965 , 1966 Bygrave, 1966) . However, when the total concentrations of ADP and phosphoenolpyruvate are kept constant, the activation that is brought about by the bivalent cation is succeeded by inhibition as its concentration is increased (Ainsworth & Macfarlane, 1973;  Bygrave, 1966) . It has also been observed that the concentration of bivalent cation required for maximum activity depends both oD the identity of the cation and on the concentrations of ADP and phosphoenolpyruvate used (Wimhurst & Manchester, 1972) .
Maxima in the relationship of enzyme activity to bivalent cation concentration have been observed with other kinases and different interpretations of the effect have been suggested. Thus it has been postulated that creatine kinase is inhibited by high concentrations of bivalent cation because, at these concentrations, ancillary binding sites become occupied (Heyde & Morrison, 1969) : these sites, however, have not been detected by electron-spinresonance or proton-relaxation-rate measurements made by Cohn (1963) . Again, Larsson-Raznikiewicz (1970) has suggested that the activation and inhibition of phosphoglycerate kinase by bivalent cations is a secondary phenomenon of unspecified character.
Similar maxima have been observed in the relationship of Mg2+ concentration to the activity of the pyruvate kinases from yeast and pig liver (Macfarlane & Ainsworth, 1972 . In that connexion, as with the enzyme from rabbit muscle (Ainsworth & Macfarlane, 1973) , it was suggested that the maxima arise because the true substrates of the enzyme are free phosphoenolpyruvate, ADP and Mg2+. Thus the rate of catalysed reaction increases with Mg2+ concentration because Mg2+ acts as a substrate, but also diminishes with Mg2+ concentration because phosphoenolpyruvate and ADP are progressively removed as their metal-bound complexes: the two effects operating together provide the maximum observed. The purpose of this paper is to ascertain whether the role of Mn2+, Ni2+ and Co2+ may be similarly described. It is convenient to use rabbit muscle pyruvate kinase for this purpose because evidence exists (Mildvan & Cohn, 1966; Mildvan etal., 1971 ) that the mechanism of catalysis remains the same when Mg2+, Mn2+ or Ni2+ is the added bivalent cation. To facilitate comparison with data for the Mg2+-activated enzyme (Ainsworth & Macfarlane, 1973) 
Methods
Preparation ofsubstrates, products and enzymes for use. Na+ was removed from ADP and NH4+ from pyruvate kinase and lactate dehydrogenase as described by Ainsworth & Macfarlane (1973) . The purity and concentrations of the substrates were also determined as described by Ainsworth & Macfarlane (1973) ; in particular, the concentration of substrates as determined by direct absorption measurements and enzymic analysis were shown to be equal within ±2%.
Enzyme assays. Reaction mixtures contained (in a total volume of lml) tetrapropylammonium cacodylate buffer (0.1 M in cacodylate), pH6.2, KCI (100lmol), NADH (0.15, umol), lactate dehydrogenase (12i.u.) , with substrates at the concentrations indicated in the Figures.
After addition of the necessary components, the reaction mixtures were incubated at 25°C for 5min before addition of NADH and the coupling enzyme. The reactions were initiated by addition of 101tl or less of pyruvate kinase solution (1 mg/ml) and initial velocities were estimated from the linear slopes of progress curves recorded by an Optika spectrophotometer at 340nm. Control experiments showed that lactate dehydrogenase was not rate limiting under these conditions.
Determination of substrate concentrations. The substrates of pyruvate kinase, phosphoenolpyruvate, ADP and bivalent cation, interact in substrate-level equilibria. It is therefore necessary to determine the concentrations of different possible substrates by using the known equilibrium constants for their interconversions. This has been done at given free bivalent cation concentrations, by the method of Macfarlane & Ainsworth (1972) , by assuming that the dissociation constants do not change with ionic strength over the range of our study (a) *, EPyr-P (26 gM) and EMnADP (48uM), *, EMnPyr-P (24pM) and MADP (1.65AuM); (b) v, EMnPyr-P (24pM) and EMnADP (48#M); *, total Pyr-P (5O0M) and total ADP (50M); (c) m, 2Pyr-P (26pM) and MADP (1.65AuM). Fig. 3(c) provides the correct qualitative information and that the inhibition at higher concentrations arose either from dead-end inhibition by CoADP complex or from error in its dissociation constant. Fig. 4 shows that the initial rate of pyruvate formation passes through a maximum when a and B are kept constant and C is increased. (Mildvan & Cohn, 1966; Mildvan et al., 1971; Ainsworth & Macfarlane, 1973) have established that the mechanism of rabbit muscle pyruvate kinase is equilibrium random order in type in the presence of Mg2+, Mn2+ and Ni2+. Ainsworth & Macfarlane (1973) also showed that it is both necessary and sufficient to assume that free phosphoenolpyruvate (A), free ADP (B) and Mg2+ (C) (Warner, 1958) and that the enzyme has two active sites/molecule (Mildvan & Cohn, 1965 Fig. la) 1.67x 10-2M-1 min (Ni2+, Fig. 2a) 3.08 xlO3M1 m min (Co2+, Fig. 3a) 6.8 x 10-7M -min (Mn2+, Fig. 5a ) 1.15x 10-6M -min (Ni2+, Fig. 5b) 7.59 x 10-8 mmin (Co3+, Fig. 5c ) 2.91 x 105min (Mnn2+, Fig. 5a ) 1.24 x 104min (Ni2+, Fig. 5b 
(c)
Visual estimates of Cm, were obtained from the plots of v-= f(C), given in Fig. 4 for the Mn2 -, Ni2+-and Co2+-activated reactions. These estimates were used to construct the plots, based on eqn. (7), which are displayed in Fig. 5 . The values of 0b2 and 3, provided by Fig. 5 , are given in Table 2 . Fig. 4 also shows that the maximum of v-l =f(C) for the Mg2+-activated enzyme cannot be defined accurately by eye. However, by using kinetic constants that are already available for this reaction (Ainsworth & Macfarlane, 1973 ), q1 and O2 may be calculated by the definitions given in (Ainsworth & Macfarlane, 1973) . Thus Table 2 gives: Ainsworth & Macfarlane (1973) , obtained at higher Mg2+ concentrations than those shown in Fig. 4 . Fig. 6a 
The detailed composition of the 0 constants is given in Table 3 . Eqn. (14) shows that q4 can be obtained as the limiting slope at high C from the relations v-' = f(C2) (Figs. lb, 2b and 3b ). As 
.0 68 MUSCLE PYRUVATE KINASE Table 3 . Physical significance and evaluation of q terms at constant concentrations of complexed phosphoenolpyruvate and ADP ( andf) andtotalphosphoenolpyruvate andADP(A, andB,) q values were calculated by assuming that pyruvate kinase has a mol.wt. of 237000 (Warner, 1958) and that the enzyme has two active sites/molecule (Mildvan & Cohn, 1965) . Terms -AB K14K2 a,@ q values with c and 8 kept constant 1.24M2 -min (Mn2+, Fig. Ib) 3.94M2 -min (Ni2+, Fig. 2b ) 0.60M2 -min (Co2+, Fig. 3b Fig. 2b ) 0.25 M-2 -min (Co2+, Fig. 3b) obtained for the several ions are recorded in Table 4 . Finally, by using the definitions of &1 and qS, given in Mildvan & Cohn (1965) . A similar discrepancy is observed between values of Kc for Mg2+ provided by kinetic studies (Ainsworth & Macfarlane, 1973) and difference spectroscopy (Kayne & Suelter, 1965) . A conclusion that the lower-affinity site observed in kinetic studies is the one essential to catalysis is supported by the observation of Reed & Cohn (1973) (Warner, 1958) and that the enzyme has two active sites/molecule (Mildvan & Cohn, 1965) . Kinetic constants for the Mg2+-activated enzyme have been taken from Ainsworth & Macfarlane (1973) Table 5 shows that all the bivalent cations enhance the binding of the second substrate but to different extents, which depend on the identities of both substrates. It is evident from this that enhancement does not depend solely on charge attraction, as was suggested by Ainsworth & Macfarlane (1973) . In this connexion, it is noteworthy that the marked difference in the enhancing influence of Mg2+ and Mn24 (Table 5) is reflected by equally marked differences in the fluorescence properties of the Mg2+ and Mn24 ternary complexes with phosphoenolpyruvate and rabbit muscle pyruvate kinase (Kayne & Price, 1972) . Turning now to more qualitative aspects of our results, note that the differences in the influence of the bivalent cations, referred to above, have been observed in solutions with comparable ionic strengths. We can therefore, in agreement with Wimhurst & Manchester (1972) , set aside ionic-strength effects as the possible cause of the inhibitions observed at high concentrations of bivalent cations.
A previous study by Bygrave (1966) (1966) also noted that both the velocity at the maximum and the inhibitory effect of the cation decreased in the reverse order. Fig. 4 shows the same orders for the effects in solutions where a and B were kept constant. In addition, by using the constants given in Wimhurst & Manchester (1972) . It has already been noted that the maxima in the plots v = f(C) are particularly broad when C is Mg2+ and when either a and B or A and ,B are kept constant (Fig. 4 and Ainsworth & Macfarlane, 1973) . This is a potentially misleading situation, for the apparent independence of the velocity on C over a substantial range could lead to the conclusion that the nonvaried substrates are the true substrates ofthe enzyme. The conclusion has been avoided by extending the range of C and the combinations of hypothetical substrates kept constant, but it is especially valuable that the other activating cations point the error by displaying much sharper maxima.
Conclusion
The results above described show that the kinetics of rabbit muscle pyruvate kinase can be satisfactorily explained by assuming that its substrates are free phosphoenolpyruvate, free ADP and the activating bivalent cation: in addition, it is clear that a mechanism which prevents the binding of the essential bivalent cation at the active site except in complex with one of the other substrates cannot apply to this enzyme. In terms of this picture, the inhibitions that occur with increasing cation concentration are accounted for by substrate-level equilibria.
